Phagocytosis and degradation of photoreceptor outer segments (POS) by retinal pigment epithelium (RPE) is fundamental to vision. Autophagy is also responsible for bulk degradation of cellular components, but its role in POS degradation is not well understood. We report that the morning burst of RPE phagocytosis coincided with the enzymatic conversion of autophagy protein LC3 to its lipidated form. LC3 associated with single-membrane phagosomes containing engulfed POS in an Atg5-dependent manner that required Beclin1, but not the autophagy preinitiation complex. The importance of this process was verified in mice with Atg5-deficient RPE cells that showed evidence of disrupted lysosomal processing. These mice also exhibited decreased photoreceptor responses to light stimuli and decreased chromophore levels that were restored with exogenous retinoid supplementation. These results establish that the interplay of phagocytosis and autophagy within the RPE is required for both POS degradation and the maintenance of retinoid levels to support vision.
INTRODUCTION
The retinal pigment epithelium (RPE) is a single layer of nonregenerating cells essential to homeostasis in the retina and the preservation of vision. Its important functions include supplying nutrients and O 2 to the retina, the metabolism of vitamin A for the visual cycle, regulation of fluid and ion balance, maintenance of the blood retinal barrier, and daily phagocytosis of shed photoreceptor outer segments (POS). The RPE is postmitotic and must carry out these essential functions throughout the life of an individual without the possibility of regeneration (Strauss, 2005) . It is not surprising that defects in the RPE are found in a number of degenerative diseases of the eye and that disruption of the RPE can have serious consequences for vision (Davidson et al., 2011; Gal et al., 2000) .
RPE cells also play an important role in the integrity of the visual axis through their phagocytic function. Photoreceptors continuously renew their outer segments; a process regulated by circadian rhythms. Early morning outer segment tip shedding precedes a burst of RPE phagocytosis that rapidly clears POS from the retina. Defects in this process in several models (Duncan et al., 2003; Edwards and Szamier, 1977; Nandrot et al., 2006 Nandrot et al., , 2007 Nandrot et al., , 2008 have demonstrated its importance for the function and longevity of the photoreceptors. Degradation of POS following phagocytosis by RPE takes place following the delivery of lysosomal enzymes to the phagosome and the activation of proteolytic enzymes during acidification of this compartment. Degradation products are then removed from the cell by transport to the blood, whereas some materials are recycled to the photoreceptors to replenish necessary components (Strauss, 2005) . Disruption of RPE phagocytosis has been linked to disease phenotypes such as retinitis pigmentosa and rod/ cone dystrophies (Gal et al., 2000) ; however, the precise mechanisms are not yet clear.
Another important process for removing cellular debris and damaged organelles is macroautophagy (hereafter autophagy). Constitutive autophagy has been shown to function as a cellrepair mechanism that is particularly important for long-lived postmitotic cells (Degterev et al., 2005; Komatsu et al., 2006; Nishiyama et al., 2007) (Hartleben et al., 2010) . Autophagy declines with age in many tissues (Cuervo et al., 2005) , and defects in autophagy have been linked to neurodegenerative syndromes such as Alzheimer's disease (Boland et al., 2008 ), Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis (ALS) (Wong and Cuervo, 2010) . Autophagy proteins are strongly expressed in the eye (Krohne et al., 2010; Kunchithapautham and Rohrer, 2007b; Wang et al., 2009a) , and cellular stresses such as intense light, oxidative conditions, and mitochondrial damage can increase autophagic activity in ocular cells (Kunchithapautham and Rohrer, 2007a; Remé et al., 1999; Wang et al., 2009b) , supporting the idea that autophagy is critical to the health of the RPE and retina. In addition, the by-products of biochemical processes that accumulate with age such as oxidized lipids and lipofuscin are known to interfere with lysosomal degradative processes in cultured RPE cells (Kopitz et al., 2004; Vives-Bauza et al., 2008) , suggesting that interference with autophagy might be one mechanism for cellular dysfunction and, by inference, disease progression. The relationship of autophagy to POS phagocytosis and degradation is currently unknown.
The visual cycle is a series of biochemical reactions within the RPE and retina that is fundamental to vision (Tang et al., 2013; Travis et al., 2007) . The RPE utilizes all-trans retinol (ROL, also known as vitamin A) to synthesize the chromophore 11-cis retinal (RAL), which is then shuttled across the interphotoreceptor matrix by the interphotoreceptor retinoid binding protein (IRBP) to rod and cone outer segments. Within the POS, 11-cis RAL is bound to G protein-coupled receptors (opsins) to form light-sensitive visual pigment. Exposure to light isomerizes the 11-cis RAL to all-trans configuration altering the three-dimensional structure of the opsin protein and thereby activating the phototransduction signaling cascade. All-trans RAL is then released from the opsin, reduced to all-trans ROL, and transported back to the RPE for recycling back to 11-cis RAL.
Aging is known to cause a progressive loss of night vision, and vitamin A supplementation can be beneficial for treating night vision problems in the elderly (Owsley et al., 2006; Wahl, 1994) . One hypothesis suggests that a decline in available retinoids is a factor in the decrease in visual function that can accompany aging (Jackson et al., 2002) . Moreover, inadequate 11-cis RAL production has been shown to be associated with cone degeneration; however, the mechanisms are currently not well understood Tang et al., 2010; Znoiko et al., 2005) . The primary route by which the RPE recovers the majority of all-trans ROL from the POS has traditionally been attributed to the activity of IRBP shuttling retinoids across the interphotoreceptor matrix (Bok, 1993; Edwards and Adler, 2000) ; however, more recent studies have challenged this notion (Liou et al., 1998; Palczewski et al., 1999; Ripps et al., 2000) . Although the RPE can also take up bis-retinoids (Finnemann et al., 2002; Katz et al., 1987) , 11-cis RAL bound to opsin, and probably other forms of retinoids from the photoreceptors through daily phagocytosis, little is known about how retinoid products recovered by this route affect photoreceptor function and/or survival.
In the current study, we provide data to support a link between the autophagy machinery, POS phagocytosis and the regeneration of chromophore by the visual cycle, without which the RPE cannot support optimal visual function. Our results show that the autophagy protein LC3 associates with single-membrane phagosomes containing engulfed POS in an Atg5-dependent manner that also requires Beclin1 but not Ulk1, Atg13, or Fip200 of the autophagy preinitiation complex. The importance of this process was verified in mice with Atg5-deficient RPE cells that showed evidence of disrupted POS degradation, diminished chromophore levels, and decreased visual function. Supplementation with exogenous chromophore restored visual function, further establishing the connection between phagocytosis and the visual cycle. Thus, in contrast to conventional autophagy, our evidence suggests that a noncanonical form of autophagy functions to support chromophore regeneration through the efficient processing of POS by the RPE.
RESULTS

Activity of the Autophagy Pathway Is Cyclically Engaged in the RPE
We evaluated whether autophagy is engaged in the eye by examining the conversion of microtubule-associated light chain 3 (LC3) to its lipidated form (LC3-II) (Klionsky et al., 2012) in the retina and RPE of 12-and 28-week-old mice ( Figure 1A) . Although LC3-II was readily detected in the retinas of adult mice throughout the day, we noted that this product of the autophagy pathway was most abundant in RPE at 7:00 a.m. (1 hr after lights on), but much less LC3-II was observed when western blots were performed on RPE harvested at 7:00 p.m. (1 hr into the dark cycle). Thus, under basal conditions, RPE cells have significant levels of LC3-II conversion that is linked to the time of day.
The lipidation of LC3 involves a complex of the Atg5-12 conjugate and Atg16L, which together may act as an E3-like enzyme for the transfer of phosphatidylethanolamine (PE) to LC3 Figure 1B ). Upon treatment with chloroquine to block autophagic flux (Klionsky et al., 2012) , RPE still failed to accumulate LC3-II in Atg5 DRPE mice ( Figure 1C ), verifying the loss of Atg5. We then visualized the association of LC3-II with membranes through the use of animals with ubiquitous expression of a GFP-LC3 transgene (Mizushima et al., 2004) by generating ATG5 DRPE 3 GFP-LC3 transgenic mice and examining RPE flat mounts. In control mice expressing Atg5, GFP-LC3 punctae were readily apparent ( Figure 1D , arrows in left panel); however, these were undetectable in Atg5 DRPE mice ( Figure 1D , right).
Retinal Function Decreases in Atg5 DRPE Mice
As the mice matured, we noted that the absence of Atg5 in the RPE compromised the vision of Atg5 DRPE mice as determined by scotopic and photopic electroretinography (ERG) recordings. The a-wave amplitude of scotopic ERG waveforms was used as a direct measure of rod function; whereas the b-wave amplitude of photopic ERG waveforms was used as an indirect measure of cone function (Tang et al., 2010 (Tang et al., , 2011 . At 12 weeks, ERG responses in the Atg5 DRPE mice were indistinguishable from littermate control animals ( Figure 2A) ; however, at 16 weeks, Atg5 DRPE mice exhibited significantly decreased rod responses to brighter-light stimuli compared to their littermate controls (Figure 2B) . Furthermore, cone responses from Atg5 DRPE mice also showed comparable decreases to bright-light stimuli compared to control mice ( Figure 2B ). Although we observed a significant reduction in ERG responses, we did not observe a significant loss of nuclei in the outer nuclear layer (ONL) by 24 weeks ( Figure 2C ) or at any time examined up to 1.5 years (data not shown). We also did not observe a significant reduction in cone photoreceptors when they were enumerated following PNA staining at any time point ( Figure 2D ; data not shown). Thus, whereas Atg5 loss in the RPE results in diminished retinal function, there was not a detectable decrease in the numbers of photoreceptors.
Atg5 and LC3 Associate with Single-Membrane Phagosomes Containing POS
The apparent correspondence of LC3-II generation in the RPE with the start of morning disk shedding when RPE phagocytosis of outer segment tips is maximal (Nandrot et al., 2007; Strauss, 2005) led us to examine the relationship between phagocytosed POS in the RPE and the distribution of Atg5 and LC3. Strikingly, we found that Atg5 colocalized with engulfed POS in control mice ( Figure 3A , arrows in the Merge image) (visualized by rhodopsin staining; Nandrot et al., 2007) as well as with LC3 in the GFP-LC3 transgenic mice ( Figure 3C , arrows). Atg5 did not associate with the POS in Atg5 DRPE RPE cells ( Figure 3B ). A reconstruction of z stack images (x-z plane) of the Atg5/POS complex confirmed Atg5/POS association in control RPE (Figure 3A, inset) but not Atg5 DRPE RPE cells ( Figure 3B , inset). It was also notable that without Atg5, POS did not penetrate much beyond the apical surface of the RPE at this time point (Figure 3B, inset) . Secondary effects on the expression of receptors involved in POS binding and phagocytosis (Gal et al., 2000; Nandrot et al., 2007; Nandrot et al., 2004) due to the deletion of Atg5 were not observed in Atg5 DRPE RPE cells compared to control (Figure S1 available online). In conventional autophagy, LC3-II associates with doublemembrane autophagosomes (Klionsky et al., 2012; Mizushima et al., 2008) . However, examination of control RPE by transmission electron microscopy (TEM) failed to reveal any association of double-membrane structures with phagocytosed POS (the latter were readily seen as electron-dense structures in the cytoplasm surrounded by a single membranes; white arrows in Figure 3D ). Examining POS in the RPE of Atg5 DRPE mice revealed the accumulation of phagosomes that contain poorly processed POS ( Figures 3E-3G , arrowheads), suggesting disrupted lysosomal processing in the absence of Atg5. This, together with the absence of abundant double-membrane autophagosomes containing outer segments, suggested an interesting alternative to a role for conventional autophagy in the process of POS uptake and degradation.
A Noncanonical Autophagy Pathway Facilitates Phagosome Formation and POS Degradation
We previously described a process in macrophages (Martinez et al., 2011; Sanjuan et al., 2007) and plasmacytoid dendritic cells (Henault et al., 2012) in which the single membranes of ) and ATG5 DRPE mice at 8 and 16 weeks. Western blotting was performed to determine the amount of Atg5 and LC3. b-Actin was used as the loading control.
(C) Posterior cups were harvested at 8 a.m. from Atg5 DRPE and littermate controls. Retinae were removed, and RPE flat mounts were prepared and then placed in chloroquine (CLQ) for 1 hr. RPEs were isolated, and western blotting for LC3 was performed.
(D) Atg5 DRPE mice were crossed to the GFP-LC3 reporter mouse, and RPE flat mounts (harvested at 8:00 a.m.) were examined for GFP-LC3 punctae.
phagosomes directly associate with LC3, a phenomenon we called LC3-associated phagocytosis (LAP) (Sanjuan et al., 2009) . LAP is engaged by the engulfment of particles that stimulate Toll-like receptors (TLRs)-1/2, 2/6, 3, or 4 (Sanjuan et al., 2007) , Fc receptors (Henault et al., 2012; Huang et al., 2009) , or upon engulfment of dying cells (Martinez et al., 2011) . Similarly, mammary epithelial cells that engulf living cells (entosis) (Florey et al., 2011 ) also engage LAP. Like conventional autophagy, LAP requires Beclin-1, Atg5, and Atg7 (Florey et al., 2011; Henault et al., 2012; Martinez et al., 2011; Sanjuan et al., 2007) , but LAP proceeds independently of the autophagic prei- nitiation complex, including Ulk1 (Henault et al., 2012; Martinez et al., 2011) , Fip200/ Atg17 (Florey et al., 2011; Henault et al., 2012) , and ATG13 (Henault et al., 2012) .
To determine if phagocytosis of POS by RPE induces LAP, we utilized an RPE cell line, RPE-J, transduced with GFP-LC3, and fed with labeled POS (Finnemann and Rodriguez-Boulan, 1999; Nandrot et al., 2007) . Upon engulfment, we noted association of LC3 with the POS (Figures 4A-4E , arrows in lower-left panels) and that this was dependent on several autophagy proteins as determined by silencing components of the conventional autophagy pathway. After confirming successful knockdown of these proteins ( Figure S2A ), we found that the silencing of Atg5 ( Figure 4A , lower-right) or Beclin1 ( Figure 4B , lower right) prevented POS-induced LAP as assessed visually ( Figures 4A and 4B ), or by LC3 conversion ( Figure S2B ). Silencing of any of these components had little effect on the extent of uptake of POS (Figure S2C) , and all knockdowns disrupted conventional autophagy as assessed by rapamycin-induced GFP-LC3 puncta formation ( Figures 4A-4E , upper-right) and accumulation of rapamycin-induced LC3-II ( Figure S2C ). Strikingly, however, silencing of Fip200 ( Figure 4C , lower-right), Ulk1 ( Figure 4D , lower-right), or Atg13 ( Figure 4E , lower-right) had no effect on colocalization of LC3 with engulfed POS (arrowheads), or on POS-induced LC3-II formation ( Figure S2B ). In support of this process as phagocytosis and not autophagy, TEM analysis of RPE-J cells that had phagocytosed POS revealed only single-membrane phagosomes ( Figure 4F , black arrows).
One function of LAP in macrophages (Martinez et al., 2011; Sanjuan et al., 2007) and in epithelial cells (Florey et al., 2011) is to accelerate the maturation of the phagosome as it fuses to lysosomes. Indeed, we observed that in RPE-J cells, engulfed POS colocalized with LAMP1, LAMP2, and cathepsin D (Figure 5A , arrows in left panels), indicating that POS degradation was proceeding (Bosch et al., 1993; Rakoczy et al., 1997; Ramkumar et al., 2010) . Silencing of Atg5 prevented colocalization of these molecules involved in phagosome maturation and cargo degradation ( Figure 5B, arrows) . Furthermore, the accumulation of LAMP1 and the maturation of cathepsin D, both induced by exposure of RPE-J cells to POS, were diminished in cells lacking Atg5 ( Figure 5C ) (single-channel fluorescent images are provided in Figure S3A ). This observation was supported by in vivo evidence when we examined RPE cells from the Atg5 DRPE mouse where Lamp1 expression was reduced following RPE phagocytosis as was the availability of mature cathepsin D ( Figure S3B ).
Because POS were engulfed by RPE-J cells, we noted that they rapidly moved through the epithelial layer past the nucleus ( Figure 5D , dotted ovals) toward the basal surface of the cell (Figure 5D , dotted line in the left view). This movement of POS was not apparent in cells lacking Atg5 ( Figure 5D , right) because the POS were located more apically at comparable time points to controls, similar to what we observed in the Atg5 DRPE mouse (Figure 3) . Thus, whereas binding and engulfment were independent of Atg5 ( Figure S2C ), their ability to move through the RPE cells and localize to the phagosome for digestion is impaired when LAP is disrupted. Silencing Ulk1 in RPE cells had no effect on POS-induced LC3-I to LC3-II conversion but prevented conventional autophagy activated by rapamycin ( Figure S2B ). When we examined RPE cells from Ulk1 À/À mice in the morning (8:00 a.m.) when phagocytosis is maximal, we detected LC3-II ( Figure 6A) ; however, we also observed the accumulation of p62/SQSTM (a hallmark of defective autophagy; Klionsky et al., 2012; Mizushima et al., 2010; Takamura et al., 2011) in the Ulk1 À/À RPE, indicating that the enzymatic production of LC3-II was likely due to POSinduced LAP as opposed to classical autophagy. Autophagyand LAP-defective Atg5 DRPE RPE cells also had increased p62/ SQSTM1, as expected. Furthermore, unlike Atg5 DRPE mice (Figure 2) , the ERG responses in Ulk1 À/À animals showed no defects ( Figure 6B ), and the association of Atg5 with engulfed POS in the RPE from Ulk1 À/À mice was indistinguishable from that in the RPE of Ulk1 +/À control animals ( Figure 6C ). This supports the idea that POS phagocytosis promotes a noncanonical form of autophagy (i.e., LAP) that is dependent on LC3 and Atg5 but is not classical autophagy that requires Ulk1, Fip200, and Atg13 (Martinez et al., 2011; Sanjuan et al., 2007 Sanjuan et al., , 2009 ).
Noncanonical Autophagy in the RPE Contributes to the Retinoid Supply for the Photoreceptors
Although we did not observe obvious decreases in rod and cone photoreceptor numbers, disruption of LAP in the RPE reduced ERG responses (see Figure 2) . This suggests that LAP may be linked to other functions of the RPE cells that support visual function. An interesting possibility was that phagocytosis of POS is linked to the visual cycle, a process that recycles photobleached retinoids from the photoreceptors back to the retina for proper visual function (Tang et al., 2013) . Initially, we examined the quantities of RPE proteins known to be involved in this multistep enzymatic pathway and found no difference between control and Atg5 DRPE RPE cells ( Figure S4 ), suggesting that the machinery for intrinsic chromophore synthesis was in place. Therefore, we sought to determine if the decrease in rod and cone function observed in Atg5 DRPE mice was the result of a deficit in intrinsic chromophore synthesis by the visual cycle. To test this hypothesis, ERG recordings were performed on Atg5 DRPE and littermate control mice ( Figure 7A ), and the mice were allowed to recover for 1 week in a normal light-cycle environment. Mice then received an intraperitoneal (i.p.) injection of 0.25 mg/animal of the 9-cis RAL, a functional analog of the visual chromophore 11-cis RAL. The animals were then dark adapted for 24 hr prior to scotopic and photopic ERG recordings. Although pretreatment results confirmed the difference between Atg5 DRPE and control, posttreatment results indicated no significant difference in rod and cone function between the two groups ( Figure 7B ). This single treatment provided only short-term functional rescue as previously shown (Tang et al., 2010) . To confirm that retinoid metabolism was directly modulated by the disruption of noncanonical autophagy, retinoids were extracted from the eyecups of 20-week-old Atg5 DRPE and littermate control Atg5 f/f mice following a 24 hr period of dark adaptation. The results, quantitated according to a previously published protocol (Tang et al., 2011) , show that the amounts of 11-cis, all-trans, and 13-cis RAL were significantly reduced in Atg5 DRPE mice compared to littermate controls ( Figure 7C ). All-trans retinyl-esters (REs) were not significantly different between Atg5 DRPE and a control, indicating that vitamin A delivery through the blood to the RPE was unaffected. These results are consistent with the idea that the deficit in visual function in Atg5 DRPE mice can be attributed to an inadequate recovery of retinoids due to disruption of the noncanonical pathway of autophagy. Significant quantities of ROL (any isomeric form) were not detected.
DISCUSSION
The RPE is essential to the health and longevity of the retina by performing a number of functions to support vision. Two of its essential processes are phagocytosis of POS, which removes the most distal tips of the photoreceptors to support disk renewal, and the visual cycle, which maintains the supply of chromophore for regeneration of photobleached visual pigments (Strauss, 2005; Tang et al., 2013) . Disruptions in either of these recycling processes can have serious consequences for the long-term health of the retina (Duncan et al., 2003; Fan et al., 2008; Nandrot et al., 2006; Ruiz et al., 2007; Travis et al., 2007; Znoiko et al., 2005) . Studies presented here show that the phagocytic function of the RPE and the visual cycle are linked via a noncanonical form of autophagy. We demonstrate that the lipidated form of the autophagy protein LC3 associates with the phagosome in a manner dependent on Atg5 and Beclin1 but independent of the autophagy preinitiation complex consisting of Ulk1/Atg13/Fip200. This process, termed LAP, was necessary for the degradation of the phagocytosed outer segments. Importantly, our studies show that this noncanonical form of autophagy supported optimal visual function by supplying a portion of the retinoids required for chromophore synthesis. Thus, we have established a link between RPE phagocytosis, autophagy, and the visual cycle. Cells utilize phagocytosis to ingest extracellular particles by invaginations of the plasma membrane following engagement of specific cell surface receptors, whereas autophagy isolates portions of the cytoplasm in double-membrane structures to target cytoplasmic proteins, organelles, and lipids for degradation. have shown that there is a functional convergence of autophagy and phagocytosis where components of the autophagy pathway have been co-opted by phagocytosis to increase the efficient degradation of the phagocytosed cargo by aiding in lysosome/ phagosome fusion as well as the maturation of the phagolysosome. In macrophages, degradation of apoptotic corpses utilizes LAP as a mechanism to degrade apoptotic bodies and inhibit the immune response. Disruption of this process prevented effective degradation and led to the release of proinflammatory cytokines (Martinez et al., 2011) . Similarly, host defense against microbial infection involves the recruitment of LC3 to phagosomes, promoting their maturation and microbial killing (Henault et al., 2012; Huang et al., 2009) . In a similar manner, fusion of the lysosome to the phagosome in dendritic cells required Atg5 and LC3 for efficient antigen degradation and presentation to T cells (Lee et al., 2010) . In osteoclasts, proteins essential for autophagy, including Atg5, Atg7, Atg4B, and LC3, were shown to be important for generating the osteoclast ruffled border, the secretory function of osteoclasts (lysosome-membrane fusion), and bone resorption (DeSelm et al., 2011) . Herein, we show that degradation of outer segment tips following RPE phagocytosis is also dependent on a noncanonical form of autophagy and that its disruption not only prevented POS degradation but also had a significant impact on vision.
We addressed the importance of LAP in the RPE by deleting the essential autophagy gene Atg5 specifically in this cell layer.
In normal RPE cells, POS were contained in single-membrane phagosomes as reported (Bosch et al., 1993; Gordiyenko et al., 2010; Strauss, 2005) . In the absence of Atg5, degenerating phagosomes containing undigested POS material were prevalent. In addition, without Atg5, POS were unable to penetrate into the RPE in the same manner as in control cells. These findings, along with the observations that there was no difference in the levels of known phagocytic receptors on the RPE and that uptake of POS was not impaired without Atg5, suggest that phagosomes require Atg5 to move through the RPE and enter the lysosomal compartment for degradation. This was confirmed by our findings that the lysosomal proteins Lamp1 and Lamp2 and the degradative enzyme cathepsin D were not able to associate with the phagocytosed POS without Atg5.
Another important function of the RPE is the visual cycle, which involves metabolism of retinoids for phototransduction. Alterations in essential proteins of this process such as LRAT, RPE65, or CRALBP have been shown to lead to severe visual dysfunction (Ruiz et al., 2007; Travis et al., 2007; Zhang et al., 2011) . We did not detect significant changes in the levels of these key visual cycle markers; nevertheless, the Atg5-deficient RPE was unable to support optimal visual function as evidenced by a consistent loss of ERG amplitudes with age. This loss of retinal function can have multiple underlying causes, the most obvious would be the loss of photoreceptor cells; however, the photoreceptor cell count in the Atg5-deficient animals did not significantly differ from that of normal mice, indicating that the deficiency in these animals is more subtle. Indeed, Atg5 DRPE mice had decreased 11-cis RAL compared to normal mice, and the loss of visual function was restored by exogenous supplementation with the chromophore analog, 9-cis RAL. This provides a direct link between deficiencies in POS degradation and the visual cycle. Although the exact relationship between Atg5 function and the visual cycle is not completely understood, Atg5-mediated phagocytic processes in the RPE must be critical to the recycling of optimal amounts of retinoids. Recent studies have suggested that the decline in autophagy with age contributes to a number of age-related diseases (Cuervo et al., 2005; Rubinsztein et al., 2011) because cells with diminished degradative processes have difficulty clearing damaged organelles, proteins, and lipids. The deterioration of the visual cycle with age is also well documented (Gaffney et al., 2012) , and one hypothesis suggests that it is mediated by retinoid deficiency reflected in a reduction in available 11-cis RAL chromophore (Jackson et al., 2002) . This may be a reason why elderly individuals have difficulties with night vision, and supplementation with nutritional vitamin A can improve this condition (Owsley et al., 2006) . Thus, proteins of the visual cycle are in place, but retinoid recycling might be impaired with age. Our results showing that we can restore vision in LAP-deficient mice with retinoid supplementation suggests that many of these symptoms are consistent with a loss of LAP function and phagocytic activity with age. However, further studies are required to uncover all the molecular details of the coupling between phagocytosis and the visual cycle.
There is a convergence of the visual cycle and RPE phagocytosis. The RPE performs two vital functions that support vision. Phagocytosis of the POS tips, which are shed in the early morning, supports photoreceptor disk renewal. This is mediated by a noncanonical form of autophagy termed LAP. Once engulfed, the shed outer segments enter the phagosome, and LC3 is recruited to the phagosome in an Atg5-dependent manner. Only then does the lysosome fuse to the phagosome forming the phagolysosome leading to maturation and degradation of the ingested POS cargo. Degradation products are then removed from the cell by transport to the choroid, whereas some materials are recycled to the photoreceptors to replenish necessary components.
The second critical process performed by the RPE is the classic visual cycle in which the chromophore 11-cis RAL is generated from vitamin A (all-trans ROL) for use by the photoreceptors in vision. The absorption of light by the visual pigment containing 11-cis RAL leads to vision. This also results in the release of vitamin A, which is transported to the RPE where it enters the visual cycle, is converted 11-cis RAL, and then transported to photoreceptors to recharge the visual pigments. Our studies show that these two critical pathways converge because the recovery of vitamin A for 11-cis RAL synthesis is aided by the POS phagocytosis and degradation pathway that is dependent on the autophagy proteins LC3, Atg5, and Beclin1, but not on the autophagy preinitiation complex composed of ULK1, FIP200, and ATG13.
EXPERIMENTAL PROCEDURES
Mice BEST1(VMD2)-cre transgenic mice, in which cre recombinase is controlled by a fragment of the human VMD2 promoter (Esumi et al., 2004) , were crossed to the Atg5 flox/flox (generously provided by Dr. Noboru Mizushima, Tokyo Medicine and Dental University, Tokyo) (Hara et al., 2006) 
Cell Lines
The rat RPE-J cell line (ATCC, Manassas) was cultured at 33 C and 5% CO 2 in DMEM with 4% FBS for undifferentiated colonies. For phagocytosis assay, cells were grown in the presence of 10 nM retinoic acid (Sigma-Aldrich, St. Louis) for 6 days to acquire a differentiated polarized RPE phenotype. See Extended Experimental Procedures for details.
Transfection Assays RPE-J cells were transfected with siRNA oligonucleotides against rat Atg5, Beclin1, Fip200, ULK1, and Atg13 purchased from Dharmacon (Lafayette).
Bovine Retinal Outer Segment Isolation and Fluorescent Labeling
Fresh bovine eyes were used for POS isolation and labeling. See Extended Experimental Procedures for details.
POS Phagocytosis Assay
Unlabeled or fluorescent-labeled POS were resuspended in cell culture medium and added to the apical surface of differentiated RPE-J cells at a ratio of 10:1 (POS:cell). Phagocytosis was allowed for various lengths of time, and excessive POS were washed extensively with PBS. Phagocytosis was quantified by confocal microscopy. See Extended Experimental Procedures for details.
Time-Lapse Imaging of Phagocytosis
Time-lapse imaging was performed on a Zeiss LSM 510 (Carl Zeiss Microscopy, Thornwood) inverted confocal microscope equipped with a 488 nm argon ion laser, and 543 and 633 nm HeNe lasers. See Extended Experimental Procedures for details.
RPE Flat Mounts
Posterior cups of the eye prepared from enucleated eyes were isolated and stained with indicated antibodies and appropriate secondary antibodies. See Extended Experimental Procedures for details.
ERG
Electroretinograms were recorded using a Tucker-Davis System 3 Complete ABR/OAE Workstation (Tucker-Davis Technologies, Gainesville). See Extended Experimental Procedures for details.
Retinoid Treatments 9-cis RAL (Sigma-Aldrich; 0.25 mg/animal) was dissolved in 20 ml of 100% ethanol. For i.p. delivery, 9-cis RAL was dissolved in 200 ml vehicle (10% ethanol/10% BSA in 0.9% NaCl) and injected into the peritoneal cavity. Retinoid was handled under a dim red light.
Retinoid Analysis
All procedures were performed under a dim red light on dark-adapted animals using methods modified from those previously described (Tang et al., 2011 
